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Carbazole 1,9a-dioxygenase (CARDO) from Pseudomonas sp. strain CA10 is a multicomponent enzyme that
catalyzes the angular dioxygenation of carbazole, dibenzofuran, and dibenzo-p-dioxin. It was revealed by gas
chromatography-mass spectrometry and "H and "*C nuclear magnetic resonance analyses that xanthene and
phenoxathiin were converted to 2,2',3-trihydroxydiphenylmethane and 2,2’,3-trihydroxydiphenyl sulfide, re-
spectively. Thus, for xanthene and phenoxathiin, angular dioxygenation by CARDO occurred at the angular
position adjacent to the oxygen atom to yield hetero ring-cleaved compounds. In addition to the angular
dioxygenation, CARDO catalyzed the cis dihydroxylation of polycyclic aromatic hydrocarbons and biphenyl.
Naphthalene and biphenyl were converted by CARDO to cis-1,2-dihydroxy-1,2-dihydronaphthalene and cis-
2,3-dihydroxy-2,3-dihydrobiphenyl, respectively. On the other hand, CARDO also catalyzed the monooxygen-
ation of sulfur heteroatoms in dibenzothiophene and of the benzylic methylenic group in fluorene to yield
dibenzothiophene-5-oxide and 9-hydroxyfluorene, respectively. These results indicate that CARDO has a broad
substrate range and can catalyze diverse oxygenation: angular dioxygenation, cis dihydroxylation, and mono-
oxygenation. The diverse oxygenation catalyzed by CARDO for several aromatic compounds might reflect the

differences in the binding of the substrates to the reaction center of CARDO.

Carbazole 1,9a-dioxygenase (CARDO) from Pseudomonas
sp. strain CA10 is a multicomponent enzyme that catalyzes the
angular dioxygenation of carbazole (CAR) to yield an unstable
dihydroxylated intermediate which is considered to be con-
verted to 2'-aminobiphenyl-2,3-diol spontaneously (Fig. 1A).
All of the structural genes encoding CARDO have been
cloned, and their nucleotide sequences have been determined
(26). Functional analysis revealed that CARDO consists of
terminal oxygenase (CarAa), ferredoxin (CarAc), and ferre-
doxin reductase (CarAd). Although terminal oxygenase com-
ponents of well-known multicomponent dioxygenase systems
consist of large («) and small (B) subunits, that of CARDO
consists of a single protein, CarAa. The CarAa protein showed
about 27 to 30% homology with the large subunits of terminal
oxygenase components in other multicomponent dioxygenase
systems, and phylogenetic analysis of the large subunits of
terminal oxygenases revealed that CarAa was an evolutionarily
novel oxygenase (26).

Some of the multicomponent dioxygenases oxidizing aro-
matic compounds are reported to have broad substrate speci-
ficities and to perform several types of oxidation reactions. For
example, dibenzofuran 4,4a-dioxygenase (dioxin dioxygenase)
from Sphingomonas sp. strain RW1 catalyzes the angular di-
oxygenation of dibenzofuran (DBF) and dibenzo-p-dioxin
(DD) (3). This well-investigated angular dioxygenase was also
presumed to catalyze the angular dioxygenation of 9-flu-
orenone and the sulfoxidation of dibenzothiophene (3). Naph-
thalene 1,2-dioxygenase from Pseudomonas sp. strain NCIB
9816-4 has a broad substrate range for catalyzing the monoox-
ygenation of benzylic methylenic groups (7, 21, 24, 30) and
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sulfur heteroatoms (1, 17, 22), the O dealkylation of anisole
and phenetole (20), and the desaturation of phenetole and
1,2-dihydronaphthalene (20, 29).

In an earlier study, we demonstrated that DD and DBF were
converted by CARDO to 2,2',3-trihydroxydiphenyl ether and
2,2' 3-trihydroxybiphenyl, respectively, suggesting that CARDO
attacks at the angular positions adjacent to the heteroatoms of
these substrates, as in the case of CAR (Fig. 1B and C) (26). It
was also suggested that CARDO has the ability to oxidize a
wide variety of polyaromatic compounds, including dibenzo-
thiophene, biphenyl, and polycyclic aromatic hydrocarbons
(PAHSs) (26). In this study, we identified the products gener-
ated by CARDO from several aromatic compounds, such as
heterocyclic aromatic compounds, PAHs, and biphenyl, to
clarify the oxygenation reaction catalyzed by CARDO for var-
ious aromatic compounds and to obtain information on sub-
strate recognition by CARDO.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Escherichia coli JM109 harboring
pUCARA (26), which directs the CARDO genes to be expressed under the
control of the isopropylthiogalactopyranoside (IPTG)-inducible /ac promotor,
was used for the expression of CARDO. Because pUCARA is derived from
pUC119, E. coli IM109 harboring pUC119 was used in control experiments. Cells
were grown on 2X YT medium (25), which was supplemented with ampicillin at
a final concentration of 50 wg/ml, at 37°C. For plate cultures, 2X YT medium
solidified with 1.6% (wt/vol) agar was used.

DNA manipulation. Plasmid DNA was prepared from E. coli cells by the
alkaline lysis method (2). DNA fragments were extracted from the agarose gel by
the glass powder method (GENECLEAN II kit; Bio 101, Inc., La Jolla, Calif.)
according to the manufacturer’s instructions. Transformation of E. coli cells was
performed as described by Hanahan (11).

Biotransformation of CAR analogues, PAHs, and biphenyl. E. coli
JM109(pUCARA) cells were precultured in 10 ml of 2X YT medium supple-
mented with ampicillin at 37°C for 16 h and then transferred to 1 liter of the same
medium to which IPTG had been added to a final concentration of 1 mM. After
incubation for another 8 h, the cells were harvested by centrifugation, washed
twice with minimal medium (19), and resuspended in 100 ml of minimal medium.



3106 NOIJIRI ET AL.

4
4b 4a
| O 3
___>
9
7 2
8a 9a
. N 1
H

Carbazole (CAR)

I=z

B
6 5 4
7 sa O 4a 3 0
ﬁ
8 2
S 9a o 10a : 0
10

Dibenzo-p-dioxin (DD)

C
9a 9b
5
5a o 4a O

6 4

Dibenzofuran (DBF)

J. BACTERIOL.

NH,

(=Y

OHI| H HO

OH OH

2’-Aminobiphenyi-2,3-diol

: 0
OH OH I
OH

2,2’ 3-Trihydroxydiphenyl ether

OH| H
OH

OH

—{ ¢

OH H HO

OH OH

-

2,2’ 3-Trihydroxybiphenyl

FIG. 1. Conversion of CAR (A), DD (B), and DBF (C) catalyzed by CARDO from Pseudomonas sp. strain CA10. The structures shown in brackets are unstable
intermediates that have not been characterized. Absolute stereochemistry is not intended.

The optical density at 600 nm of the resultant cell suspension solution was 20 to
25.

As substrates, we used heterocyclic aromatic compounds (xanthene, phenox-
athiin, and dibenzothiophene), PAHs (naphthalene, anthracene, phenanthrene,
fluorene, and fluoranthene), and biphenyl. Each substrate was dissolved in di-
methyl sulfoxide or ethanol (10 mg/ml), and then a 50-pl aliquot of the solution
was added to 5 ml of cell suspension solution. The reaction mixture was incu-
bated on a reciprocal shaker (300 strokes/min) at 30°C for 16 h. The biotrans-
formation of CAR was used as a positive control to monitor CARDO activity.
The products were extracted with ethyl acetate and concentrated as described
previously (27), except for extraction under neutral conditions (pH 6.8 to 7.0).
The extraction recovery of each substrate was about 80 to 100%. After analytical
thin-layer chromatography (TLC), a portion of each extract was directly analyzed
by gas chromatography-mass spectrometry (GC-MS) after trimethylsilylation
with N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) at 70°C for 20 min.
To quantify the substrate remaining and the compounds formed, we compared
the peak area for the total ion current of the compounds extracted from the
reaction mixture containing E. coli cells harboring pUCARA with that of the
substrate extracted from the reaction mixture containing E. coli cells harboring
pUC119. We repeated the above experiments two or three times and determined
the amount of substrate remaining and the yields of the compounds formed
during the biotransformation of aromatic compounds.

To identify the compounds formed by 'H and '*C nuclear magnetic resonance
(NMR) analyses, we conducted a modified biotransformation experiment with
several aromatic compounds. To obtain larger amounts of products, 100 mg of
each substrate dissolved in 1 ml of dimethyl sulfoxide or ethanol was added to
100 ml of a cell suspension solution of E. coli IM109(pUCARA) prepared as
described above. Incubation was carried out for 16 h, and the resultant reaction
mixture was extracted with ethyl acetate at pH 6.8 to 7.0 as described above.

After purification by preparative TLC or silica gel column chromatography, 0.5
to 10 mg of each compound was obtained. The purified compounds were dis-
solved in CDCl; and used for NMR analysis and GC-MS analysis.

Analytical and purification methods. Analytical TLC was performed on 0.25-
mm-thick, precoated silica gel plates containing a fluorescence indicator (E.
Merck AG, Darmstadt, Germany) and developed with a solvent system of tolu-
ene-dioxane (18:5, by volume).

For GC-MS, a model JIMS-Automass 150 GC-MS system (JEOL, Ltd., Tokyo,
Japan) fitted with a fused-silica chemically bonded capillary column (DB-5; 0.25
mm [inside diameter] by 15 m, 0.25-um film thickness; J & W Scientific Inc.,
Folsom, Calif.) was used. After trimethylsilylation with MSTFA, each sample was
injected into the column at 80°C in the splitless mode. After 2 min at 80°C, the
column temperature was increased at 16°C/min to 280°C. The head pressure of
the helium carrier gas was 65 kPa. The amount of each purified compound used
for GC-MS analysis was approximately 1 to 10 ng for each injection.

Preparative TLC was carried out as follows. The sample was developed on a
precoated silica gel plate (1 mm thick; Merck) with a solvent system of n-hexane—
ethyl acetate (1:1, by volume). The desired band was scraped off and eluted with
H,O-saturated ethyl acetate. The resultant eluate was dried over Na,SO, before
evaporation and used for NMR analysis.

Silica gel column chromatography was carried out as follows. The sample was
loaded on a column of silica gel (15 mm [inside diameter| by 8 cm) and eluted
with increasing amounts of ethyl acetate in n-hexane. After analytical TLC, the
eluates containing the products were combined and used for NMR analysis.

The 'H and '3C NMR spectra of the compounds were recorded with a JNM-
AS00 spectrometer (JEOL) operated at 500 and 125 MHz, respectively, with
tetramethylsilane as an internal standard. NAORAC H5X/FG and JEOL
TUNABLE/H (5)500 probes were used for 'H and '*C NMR analyses, respec-
tively. The number of spectra accumulated was 16 to 64. Two-dimensional NMR
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experiments for the determination of direct "H-'*C connectivity (HMQC), long-
range (two- and three-bond) 'H-'C connectivity (HMBC), nuclear Overhauser
enhancement measurements (NOESY), and 'H-"H shift-correlated spectroscopy
("H-"H COSY) were performed under the above conditions. About 0.5 to 10 mg
of each purified compound was used in the NMR analyses.

Chemicals. CAR, DBF, fluorene, and 1-naphthol were purchased from Tokyo
Kasei Kogyo Co., Ltd. (Tokyo, Japan). Phenoxathiin, naphthalene, 2-naphthol,
anthracene, and biphenyl were purchased from Kanto Chemical Co., Inc. (To-
kyo, Japan). Xanthene, dibenzothiophene, fluoranthene, and MSTFA were pur-
chased from Nacalai Tesque, Inc. (Kyoto, Japan). DD and phenanthrene were
purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Dibenzo-
thiophene-5-oxide, 2-hydroxyfluorene, 9-fluorenone, 9-hydroxyfluorene, and 2-
and 3-hydroxybiphenyl were purchased from Sigma Aldrich Japan Co. (Tokyo,
Japan).

RESULTS

Xanthene. In xanthene biotransformation experiments with
E. coli IM109(pUCARA), we detected a compound having an
Ry of 0.34 on analytical TLC (Table 1). The mass spectrum of
the trimethylsilyl (TMS) derivative of this compound (Table 1)
indicated a molecular ion peak at m/z 432 and the presence of
three hydroxy groups, suggesting that this compound was pro-
duced via cleavage of a heterocyclic ring. The 'H NMR data
for this compound are shown in Table 2. Based on the corre-
lations with the 'H-'H COSY spectrum (data not shown), this
compound was identified as 2,2’,3-trihydroxydiphenylmethane
(Fig. 2A). This result indicates that the oxygenation of xan-
thene by CARDO occurs at the angular position adjacent not
to the methylenic carbon atom but to the oxygen atom.

Phenoxathiin. Phenoxathiin was converted to one major
product (Table 1). In the GC-MS analysis of its TMS deriva-
tive, the molecular ion peak was observed at m/z 450 (Table 1).
The molecular weight was in accordance with that of a hetero-
cyclic ring-cleaved derivative of phenoxathiin with trimethylsi-
lylation at three positions. Therefore, oxygenation probably
occurred at an angular position relative to the oxygen or the
sulfur atom to give 2,2',3-trihydroxydiphenyl sulfide or 2,3-
dihydroxy-2'-mercaptodiphenyl ether. Eventually, the struc-
ture of the compound was determined to be 2,2’,3-trihydroxy-
diphenyl sulfide based on an analysis of the 'H and *C NMR
spectra (Table 2) and the 'H-'H COSY spectrum (data not
shown). This result indicates that CARDO attacks at an angu-
lar position adjacent to the oxygen atom and that the resultant
dihydroxylated intermediate is spontaneously converted to
2,2' 3-trihydroxydiphenyl sulfide (Fig. 2B).

Dibenzothiophene. Dibenzothiophene was mainly converted
to a compound having an R, of 0.40 on analytical TLC (Table
1). In the GC-MS analysis, the retention time (R,) and the
full-scan mass spectrum of this compound were identical to
those of authentic dibenzothiophene-5-oxide (Table 1). In ad-
dition, "H NMR data for this compound were also identical to
those of authentic dibenzothiophene-5-oxide and those re-
ported by Resnick and Gibson (22) (Table 2). Thus, the major
product of the oxidation of dibenzothiophene by CARDO was
identified as dibenzothiophene-5-oxide (Fig. 2C).

The GC-MS analytical data implied the presence of diben-
zothiophene dihydrodiol and monohydroxydibenzothiophene
(Table 1). Although the amounts of these compounds were too
small for further structural analysis, these results suggest that
CARDO can also catalyze cis dihydroxylation at benzylic car-
bon atoms of dibenzothiophene, because it is well-known that
dihydrodiols of aromatic compounds easily undergo the spe-
cific loss of water to yield monohydroxylated aromatic com-
pounds.

Naphthalene. Naphthalene was mainly converted to a prod-
uct having an R, of 0.33 on analytical TLC (Table 1). The
GC-MS data for its TMS derivative indicated that this product
was a naphthalene dihydrodiol (Table 1), and its 'H NMR data
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(Table 2) were identical to those of cis-1,2-dihydroxy-1,2-dihy-
dronaphthalene reported by Jerina et al. (12). Thus, the results
indicated that naphthalene was converted to cis-1,2-dihydroxy-
1,2-dihydronaphthalene by CARDO (Fig. 2D). This oxygen-
ation reaction was similarly catalyzed by many naphthalene
dioxygenases (4).

On the other hand, a small amount of 1-naphthol was also
identified by GC-MS analysis of the reaction mixture (Table 1).
Because the yield of 1-naphthol increased when extraction with
ethyl acetate was conducted under acidic conditions (pH 2 to
3) (data not shown), 1-naphthol was considered to be derived
from cis-1,2-dihydroxy-1,2-dihydronaphthalene.

Anthracene. Anthracene was mainly converted by CARDO
to a compound having an R, of 0.30 on analytical TLC (Table
1). This compound was identified as cis-1,2-dihydroxy-1,2-di-
hydroanthracene (Fig. 2E) by comparison of its '"H NMR spec-
trum (Table 2) with that reported by Jerina et al. (13). A
compound whose molecular ion peak was observed at m/z 266
in the GC-MS analysis was suggested to be monohydroxyan-
thracene (Table 1). Considering that 1-naphthol was detected
as shown above, this compound was considered to be 1- or
2-hydroxyanthracene derived from cis-1,2-dihydroxy-1,2-dihy-
droanthracene.

Phenanthrene. Based on the GC-MS analysis, phenanthrene
was considered to be converted to three phenanthrene dihy-
drodiols by CARDO (Table 1), suggesting that CARDO at-
tacks at distinct positions of phenanthrene. Small amounts of
three monohydroxyphenanthrenes which were considered to
be formed by the dehydration of the dihydrodiols were also
detected in the GC-MS analysis (Table 1).

Fluorene. In the GC-MS analysis, 9-hydroxyfluorene was
identified as an oxidation product of fluorene (Table 1), sug-
gesting that CARDO can catalyze the monooxygenation of the
benzylic methylenic group of fluorene. In addition to 9-hy-
droxyfluorene, 2-hydroxyfluorene was identified as a com-
pound formed in the biotransformation experiment by com-
parison of the mass spectrum and R, of the TMS derivative
with those of authentic 2-hydroxyfluorene (Table 1). As shown
in Table 1, we also detected three compounds whose mass
spectra were similar to that of the TMS derivative of authentic
2-hydroxyfluorene. Therefore, these three compounds were
suggested to be 1-, 3-, and 4-hydroxyfluorene. These monohy-
droxyfluorenes were considered to be derived from the dihy-
drodiols formed by CARDO, as in the case of naphthalene,
although we could not detect the dihydrodiols formed by
CARDO.

Fluoranthene. The conversion rate for fluoranthene was
lower than those for the other aromatic compounds. In the
TLC analysis, we detected two compounds (Table 1). The
compound having an R, of 0.36 was identified as cis-2,3-dihy-
droxy-2,3-dihydrofluoranthene (Fig. 2G) based on the results
of 'H-'H COSY, HMQC, HMBC, and NOESY experiments
(data not shown), allowing the assignment of the 'H and *C
NMR chemical shifts shown in Table 2.

On the other hand, the compound having an R, of 0.65 was
identified as monohydroxyfluoranthene by the GC-MS analysis
(Table 1). Based on the results of "H-'"H COSY and NOESY
experiments (data not shown), this compound was identified as
7-hydroxyfluoranthene (Fig. 2G), allowing the assignment of
the '"H NMR chemical shifts shown in Table 2. Although this
compound was considered to be formed by the dehydration of
cis-7,8-dihydroxy-7,8-dihydrofluoranthene, this cis-dihydrodiol
was not detected in the GC-MS analysis (data not shown). cis
Dihydroxylation at the 7 and 8 positions of fluoranthene was
also reported as the initial oxygenation reaction for fluoran-
thene with Mycobacterium sp. strain PYR-1 (15, 16).
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TABLE 1. Physical properties of the compounds formed during the biotransformation of heterocyclic aromatic compounds,

PAHSs, and biphenyl by CARDO

GC-MS data?
Substr_at_e“ Ry on PP . Yield Identification or possible structure
(% remaining”) TLC¢ R, (min) Principal ions and relative (%)°
f abundance (% base peak)
Xanthene (35-40) 0.34 11.6 432 (M*, 33), 417 (3), 329 (47), 60-65 2,2’ ,3-Trihydroxydiphenylmethane®
179 (45), 73 (100)
Phenoxathiin (35-45) 0.34 12.2 450 (M™, 61), 435 (43), 347 55-65 2,2’ 3-Trihydroxydiphenyl sulfide®
(94), 331 (26), 73 (100)
Dibenzothiophene (35-55) 0.40 10.9 200 (M*, 48), 184 (100), 171 40-60 Dibenzothiophene-5-oxide®”
(50), 152 (35), 139 (57)
11.1 362 (MY, 16), 272 (12), 184 2-3 Dihydrodiol
(36), 147 (17), 73 (100)
10.7 272 (M*, 100), 257 (74), 241 2-3 Monohydroxydibenzothiophene
(96), 226 (19), 197 (16)
Naphthalene (tr) 0.33 8.1 306 (M™, 10), 275 (6), 203 (38), 90-95 cis-1,2-Dihydroxy-1,2-dihydronaphthalene®
191 (100), 147 (70)
0.64 7.1 216 (M™, 85), 201 (100), 185 5-10 1-Naphtho!
(73), 141 (14), 73 (44)
Anthracene (20-35) 0.30 11.4 356 (M*, 3), 253 (20), 191 (65), 60-80 cis-1,2-Dihydroxy-1,2-dihydroanthracene®
147 (19), 73 (100)
0.60 11.0 266 (M*, 100), 251 (39), 235 0-5 Monohydroxyanthracene
(43), 191 (20), 165 (25)
Phenanthrene (10-25) 10.5 356 (M™, 6), 253 (2), 191 (2), Tr Dihydrodiol
147 (61), 73 (100)
11.2 356 (M™, 4), 253 (4), 191 (52), 20-25 Dihydrodiol
147 (9), 73 (100)
11.5 356 (M™, 2), 253 (8), 191 (80), 50-55 Dihydrodiol
147 (20), 73 (25)
11.0 266 (M*, 79), 251 (59), 235 Tr Monohydroxyphenanthrene
(13), 176 (18), 73 (100)
11.1 266 (M*, 100), 251 (77), 235 5-10 Monohydroxyphenanthrene
(51), 176 (17), 73 (46)
11.3 266 (M*, 100), 251 (93), 235 Tr Monohydroxyphenanthrene
(13), 176 (22), 73 (21)
Fluorene (65-80) 0.65 8.9 254 (M*, 100), 239 (89), 211 5-10 9-Hydroxyfluorene’
(6), 178 (16), 165 (42)
9.7 254 (M*, 100), 239 (89), 211 15-20 Monohydroxyfluorene
(6), 178 (16), 165 (42)
9.8 254 (M*, 100), 239 (89), 211 Tr Monohydroxyfluorene
(6), 178 (16), 165 (42)
10.0 254 (M*, 100), 239 (89), 211 Tr Monohydroxyfluorene
(6), 178 (16), 165 (42)
0.74 10.1 254 (M*, 100), 239 (89), 211 1-5 2-Hydroxyfluorene’
(6), 178 (16), 165 (42)
Fluoranthene (90-95) 0.36 12.8 380 (M*, 8), 290 (22), 218 (23), 3-7 cis-2,3-Dihydroxy-2,3-dihydrofluoranthene®
190 (31), 73 (100)
0.65 12.6 290 (M™, 97), 275 (60), 259 2-3 7-Hydroxyfluoranthene®
(100), 244 (12), 215 (41)
Biphenyl (tr) 0.32 9.2 332 (MY, 22), 243 (8), 227 (12), 85 cis-2,3-Dihydroxy-2,3-dihydrobiphenyl®
211 (8), 73 (100)
0.59 8.5 242 (M™, 65), 227 (100), 211 7-8 3-Hydroxybiphenyt
(90), 165 (9), 152 (25)
0.65 7.5 242 (M*, 36), 227 (67), 211 7-8 2-Hydroxybiphenyt

(100), 165 (6), 152 (12)

“ The starting concentration of substrates in the biotransformations used to estimate the yields of substrates remaining and the compounds formed was 100 pg/ml.

? To quantify the yields of substrates and products after the biotransformation experiment with CARDO, we compared the peak area for the total ion current of each
compound extracted from the reaction mixture prepared with E. coli cells harboring pUCARA with that of each substrate extracted from the reaction mixture prepared
with E. coli cells harboring pUC119. We repeated the experiments two or three times and estimated the yields of the compounds.

¢ Analytical TLC was done with the solvent system toluene-dioxane (18:5, by volume).

4 GC-MS data for all TMS derivatives but dibenzothiophene-5-oxide are shown.

¢ Identification was made by 'H and '3C NMR analyses.

/1dentification was made by Ry and spectral comparisons with authentic samples in GC-MS analyses.
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TABLE 2. NMR analysis of the compounds formed in biotransformation experiments

Chemical shifts (8)*

Substrate Identification
'H NMR 13C NMR
Xanthene 7.27 (H-6', d,J = 7.5 Hz), 7.09 (H-4', ND 2,2’ ,3-Trihydroxydiphenylmethane
t,J = 7.5 Hz), 6.90 (H-5',t,J = 7.5
Hz), 6.79 (H-3', d, J = 7.5 Hz), 6.73—
6.82 (H-4,5,6), 3.90 (CH,, s)
Phenoxathiin 7.35 (H-6', d,J = 7.5 Hz), 7.24 (H-4', 155.8, 144.0, 143.4, 134.6, 130.9,  2,2’,3-Trihydroxydiphenyl sulfide
t,J = 7.5 Hz), 6.95 (H-3',d,J = 7.5 125.0, 121.6, 121.3, 119.4,
Hz), 6.87 (H-5', t,J = 7.5 Hz), 6.85 118.7, 116.0, 115.8
(H-4,6, d,J = 8.0 Hz), 6.74 (H-5, t,
J = 8.0 Hz)
Dibenzothiophene  7.98 (2H, d, J = 7.5 Hz), 7.80 (2H, d, ND Dibenzothiophene-5-oxide
J =17.5Hz), 759 (2H, t,J = 7.5 Hz),
7.49 (2H, t,J = 7.5 Hz)
Naphthalene 7.12-7.54 (H-5,6,7,8), 6.54 (H-4,d,J = ND cis-1,2-Dihydroxy-1,2-dihydronaphthalene
10 Hz), 6.07 (H-3, dd, J = 10 Hz, 4.5
Hz), 470 (H-1, d,J = 4.5 Hz), 4.39
(H-2,t,J = 45 Hz)
Anthracene 7.45-7.98 (H-5,6,7,8,9,10), 6.73 (H-4, d, ND cis-1,2-Dihydroxy-1,2-dihydroanthracene
J = 9.8 Hz), 6.15 (H-3, dd,J = 9.8
Hz, 4.0 Hz), 4.87 (H-1, d,J = 4.0
Hz), 446 (H-2, t,J = 4.0 Hz)
Fluoranthene 7.70-7.73 (H-7,10), 7.60 (H-6, d,J = 141.9 (C), 138.6 (C), 136.9 (C),  cis-2,3-Dihydroxy-2,3-dihydrofluoranthene
7.1 Hz), 7.40-7.42 (H-4,5,8), 7.32 135.9 (C), 134.3 (C), 132.8
(H-9, t,J = 7.0 Hz), 6.65 (H-1, d, (0), 129.7 (C-5), 129.3 (C-8),
J=48Hz),498 (H-3,d,J =48 127.3 (C-9), 125.1 (C-4),
Hz), 4.79 (H-2, t, ] = 4.8 Hz) 122.4 (C-10), 122.1 (C-1),
120.9 (C-7), 70.1 (C-2), 69.5
(C-3)
8.11 (H-4 or 6, d,J = 6.5 Hz), 7.95 ND 7-Hydroxyfluoranthene
(H-1,d,J = 7.0 Hz), 7.86 (H-3, d,
J=85Hz),782 (H4or6,d,J =
8.5 Hz), 7.62-7.66 (H-2,5), 7.56 (H-
10, d,J = 8.0 Hz), 7.26 (H-9, t,J =
8.0 Hz), 6.81 (H-8, d, J = 8.0 Hz)
Biphenyl 7.55 (H-2',6', d,J = 4.0 Hz), 7.37 ND cis-2,3-Dihydroxy-2,3-dihydrobiphenyl

(H-3',5', t,J = 4.0 Hz), 7.30 (H-4",
t,J = 4.0 Hz), 6.37 (H-6,d,J = 5.5
Hz), 6.11 (H-5, m), 5.90 (H-4, d, J =
9.5 Hz), 4.61 (H-3, m), 451 (H-2, d,
J = 6.0 Hz)

“ Determined at 500 MHz ('"H NMR) or 125 MHz (**C NMR) in CDCl;. Chemical shift multiplicities are abbreviated as follows: s, singlet; d, doublet; t, triplet; m,
multiplet; dd, doublet of doublets. (C), '*C chemical shifts of quaternary carbons; ND, not determined.

Biphenyl. Based on the GC-MS data (Table 1) and "H NMR
chemical shifts (Table 2), cis-2,3-dihydroxy-2,3-dihydrobiphe-
nyl was identified as a product in the biotransformation of
biphenyl by CARDO (Fig. 2H). This cis dihydroxylation was
the same initial oxygenation reaction catalyzed by the well-
investigated biphenyl dioxygenase cloned from biphenyl- and
polychlorinated biphenyl-utilizing bacteria (6, 10). Small
amounts of 2- and 3-hydroxybiphenyl were also identified in
the reaction mixture by the GC-MS analysis (Table 1). These

monohydroxybiphenyls were considered to be derived by the
dehydration of cis-2,3-dihydroxy-2,3-dihydrobiphenyl.

DISCUSSION

The angular dioxygenation catalyzed by CARDO occurred
at the angular position adjacent to an oxygen or nitrogen atom
but not to a sulfur or carbon atom (Fig. 1 and 2A, B, C, and F).
Dibenzofuran 4,4a-dioxygenase, which was purified from
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FIG. 2. Oxidation reaction catalyzed by CARDO from Pseudomonas sp. strain CA10 and identified by GC-MS or NMR analysis for xanthene (A), phenoxathiin
(B), dibenzothiophene (C), naphthalene (D), anthracene (E), fluorene (F), fluoranthene (G), and biphenyl (H). The compounds shown in brackets are the hypothetical
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anthracene, fluorene, fluoranthene, and biphenyl. The presence of cis-7,8-dihydroxy-7,8-dihydrofluoranthene and fluorene dihydrodiols was presumed because of the
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FIG. 3. Proposed initial attack on CAR (A) and the CAR analogues DD (B), dibenzothiophene (C), and fluorene (D) by CARDO from Pseudomonas sp. strain
CA10. The small arrows indicate the positions of the enzymatic incorporation of oxygen. The structures shown in brackets are unstable intermediates that have not been
characterized. Absolute stereochemistry is not intended. The shaded areas represent the structure of anthracene or DD.

Sphingomonas sp. strain RW1, was reported to catalyze the
angular dioxygenation of DBF and DD but not of CAR (3).
This angular dioxygenase was also presumed to catalyze the
angular dioxygenation of 9-fluorenone to yield 1,9a-dihydroxy-
1-hydrofluoren-9-one (3). In addition, no dibenzofuran 4,4a-
dioxygenase oxygenation product of PAHs, such as naphtha-
lene, has been detected (3). Up to now, 9-fluorenone angular
dioxygenases have been reported for Terrabacter sp. strain
DBF63 (14, 18) (strain DBF63 was formerly identified as
Staphylococcus auriculans), Pseudomonas sp. strain F274 (8,
28) and Brevibacterium sp. strain DPO1361 (5). It was also
reported that Pseudomonas sp. strain F274 can catalyze the
angular dioxygenation of DBF but not of CAR, although this
transformation was seen with whole cells (8, 9). When washed
cells of E. coli IM109(pUCARA) were incubated with 9-flu-
orenone, no oxidation product was detected (data not shown).
Therefore, we concluded that CARDO cannot oxidize the
angular and its adjacent positions (9a and 1 positions) of 9-flu-
orenone, although the possibility that 9-fluorenone was trans-
ported into E. coli cells cannot be excluded. The above results
indicate that the substrate specificity of CARDO is different
from those of dibenzofuran 4,4a-dioxygenase from strain RW1
and the angular dioxygenase from strain F247 and that the
amino acid residues involved in substrate recognition are prob-
ably different among these angular dioxygenases.
Monohydroxylated compounds were also detected as minor
oxidized compounds formed during the biotransformation of
dibenzothiophene, PAHs, and biphenyl. Considering the fact

that the amounts of monohydroxylated compounds were in-
creased when extraction from the reaction mixture by use of
ethyl acetate was conducted under acidic conditions (pH 2 to
3) (data not shown), these monohydroxylated compounds were
considered to be formed by nonenzymatic dehydration of the
corresponding cis-dihydrodiols produced by CARDO.

In addition to dioxygenation, CARDO also catalyzed the
sulfoxidation of dibenzothiophene to dibenzothiophene-5-o0x-
ide as the dominant reaction (Table 1 and Fig. 2C). A similar
sulfoxidation of dibenzothiophene by naphthalene 1,2-dioxy-
genase from Pseudomonas sp. strain NCIB 9816-4 (22) was
reported, although the dominant reaction was cis dihydroxyla-
tion of dibenzothiophene at 1,2 positions (the yield of sulfoxi-
dation was 9 to 14%). On the other hand, dibenzothiophene
was presumed to be converted to dibenzothiophene-5-oxide
and dibenzothiophene-5,5-dioxide by dibenzofuran 4,4a-dioxy-
genase from Sphingomonas sp. strain RW1 (3). Similarly,
Pseudomonas sp. strain F247 was reported to catalyze the sul-
foxidation of dibenzothiophene to dibenzothiophene-5-oxide
and dibenzothiophene-5,5-dioxide, although this transforma-
tion was seen with whole cells (9). It was also revealed that
CARDO can convert fluorene to 9-hydroxyfluorene, although
the yield of this product was low (5 to 10%). This result sug-
gests that CARDO is also able to catalyze the monooxygen-
ation of the benzylic methylenic group of fluorene. In a study
by Biinz and Cook (3), no dibenzofuran 4,4a-dioxygenase ox-
ygenation product of fluorene was detected. While the mono-
oxygenation of fluorene to 9-hydroxyfluorene by Pseudomonas
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FIG. 4. Proposed initial attack on fluoranthene (A), naphthalene (B), and biphenyl (C) by CARDO from Pseudomonas sp. strain CA10. The small arrows indicate
the positions of the enzymatic incorporation of oxygen. The structures shown in brackets are the hypothetical products of cis hydroxylation by CARDO that have not
been characterized. Absolute stereochemistry is not intended. The shaded areas represent the structure of anthracene or DD.

sp. strain F247 was reported (9), there has been no evidence
that the angular dioxygenase from strain F247 catalyzes mono-
oxygenation. Thus, CARDO is the first angular dioxygenase
which can catalyze the monooxygenation of the benzylic meth-
ylenic group of fluorene. Considering that the benzylic meth-
ylenic group of xanthene was not hydroxylated by E. coli
IM109(pUCARA) and that sulfoxidation did not occur for
phenoxathiin, CARDO catalyzes angular dioxygenation rather
than monooxygenation for xanthene and phenoxathiin.

It was reported that naphthalene 1,2-dioxygenase from
Pseudomonas sp. strain NCIB 9816-4 catalyzed the cis dihy-
droxylation of fluorene (3 and 4 positions), DBF (1 and 2
positions), and dibenzothiophene (1 and 2 positions) as the
dominant reactions (22) and that this broad-substrate-range
dioxygenase was not able to catalyze the angular dioxygenation
of CAR and DBF (22, 23). These results indicate that molec-
ular dioxygen mainly attacks at the opposite side of the meth-
ylenic carbon atom of fluorene or the heteroatoms of DBF and
dibenzothiophene when naphthalene 1,2-dioxygenase oxidizes
these compounds. In contrast, CARDO attacks at the same
side of the heteroatoms of CAR and DBF when it oxidizes
these compounds (Fig. 1 and 3A). When CARDO oxygenates
dibenzothiophene and fluorene, it also mainly attacks at the
same side of the sulfur atom of dibenzothiophene and the
methylenic carbon atom of fluorene (Fig. 3C and D). These
results indicate that CARDO recognizes the common struc-
tures of CAR analogues and that the type of oxygenation
catalyzed by CARDO is affected by heteroatoms (CAR, DBF,
and dibenzothiophene) or the methylenic carbon atom (flu-
orene). It is quite possible that CAR analogues fit the substrate
binding site of CARDO differently and that the diverse reac-
tions catalyzed by CARDO for CAR analogues were depen-
dent upon the relative reactivities of heteroatoms, the methyl-
enic carbon atom, and the vicinal aromatic carbon atoms after
the binding of substrates to CARDO.

When CARDO catalyzes the cis dihydroxylation of PAHs

and biphenyl, the substrates are considered to bind loosely to
the reaction center of CARDO. In fact, fluoranthene was di-
hydroxylated at two distinct positions (Fig. 4A), because 7-hy-
droxyfluoranthene was produced via the dehydration of cis-
7,8-dihydrodiol. This result suggests that fluoranthene can
approach the reaction center of CARDO in at least two dif-
ferent ways. The diverse cis dihydroxylation of PAHs and bi-
phenyl catalyzed by CARDO might reflect differences in the
binding of the substrates to the active site. The hypothetical
positions of cis dihydroxylation for PAHs and biphenyl (Fig. 4)
do not overlap with the angular positions of CAR and DD
(Fig. 3A and B), suggesting that the binding of the PAHs or
biphenyl to the active site of CARDO in cis dihydroxylation is
different from that of CAR or DD.

Although, to date, the occurrence of many aromatic com-
pound dioxygenases has been reported, CARDO is the only
dioxygenase which can catalyze cis dihydroxylation, monooxy-
genation, and angular dioxygenation, as described above.
Therefore, it will be quite interesting to clarify the similarities
and differences between the three-dimensional structures of
substrate binding sites and reaction centers of CARDO and
those of other dioxygenases. We are currently carrying out the
purification, crystallization, and determination of the three-
dimensional structure of CarAa (the catalytic component of
CARDO). The three-dimensional structure of CarAa will give
us valuable information on the amino acid residues involved in
substrate recognition by CARDO and on the mechanisms of
angular dioxygenation, cis dihydroxylation, and monooxygen-
ation.
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